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psoriasis because of the diminished
ability of the pineal gland to produce
melatonin. Another potential explanation
may point to vitamin D deficiencies in
night workers, with a prior study demon-
strating significantly lower vitamin D
levels associated with night work (Ward
et al., 2011), whereas vitamin D deriva-
tives are part of standard treatment in
psoriasis as well as psoriatic arthritis
(Bailey et al., 2012). Because we were
unable to control for exposure to sunlight
or vitamin D levels, confounding by
vitamin D cannot be ruled out.
An increased risk of psoriasis asso-
ciated with working in shifts may also be
partly due to other behavioral risk factors.
Those working with a rotating night shift
schedule tended to have a higher BMI and
were more likely to smoke. Results
remained significant, however, after ad-
justing for these two major psoriasis risk
factors (Setty et al., 2007; Li et al., 2012a).
Given the strong associations among
obesity, weight gain, and psoriasis (Setty
et al., 2007), a healthy diet could have
beneficial effects on psoriasis. The tem-
poral distribution of eating may be
affected by shift work (Lowden et al.,
2010), but one recent study did not
support differences in total energy intake
and dietary score between daytime and
shift workers (Pan et al., 2011). We did
not observe marked changes in the effect
estimation after additional adjustments to
the sensitivity analysis. Nevertheless, an
observational study cannot rule out the
role of other unfavorable changes in
health behaviors among rotating night-
shift workers in explaining the observed
association.
Approximately 8.6 million Ameri-
cans work in shifts. Our prospective
analysis identified an association be-
tween rotating night-shift work and an
increased risk of psoriasis, indicating
a long-term effect of working night
shifts, which may help increase the
awareness of psoriasis risk among people
who work in rotating shifts. Our parti-
cipants are overwhelmingly white female
nurses; therefore, any extrapolation to
other populations should be made with
caution.
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TO THE EDITOR
Visual perception has an important role
for dermatologists in making a diagno-
sis; therefore, they invest much effort in
providing accurate descriptions of clin-
ical manifestations. The sophisticated
use of a metaphoric language with
words such as annular, discoid, poly-
cyclic, circinate, garland-like, and
others indicates the complexity of the
challenge. Although morphology is an
essential marker for diagnosis and
therapeutic response, the mechanisms
underlying the formation of these diffi-
cult-to-describe cutaneous patterns are
unknown. In the presented approach,
we tested whether typical skin diseases
and their dynamic course can be
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modeled in silico using the popular
cellular automaton Conway’s Game
of Life.
The plethora of complex patterns in
nature is fascinating, and the question
arises as to how all of this is generated.
Since the theoretical studies of Alan
Turing on morphogenesis, the random
interplay between two compounds, an
activator and its inhibitor, can produce
uneven substance distribution giving
rise to structure in the form of periodic
patterns (Turing, 1952). On the basis of
this concept, highly diverse skin pat-
terns of animals ranging from the spots
of the cheetah to the reticulated pattern
in the giraffe can be modeled using
the Turing mechanism (for review see
Koch and Meinhardt, 1994). Besides
mathematical studies, recent work
provides molecular evidence for the
presence of such a mechanism. In the
case of zebrafish, the leopard gene
product was identified as one core
component in producing a dynamic
skin pattern (Asai et al., 1999). More-
over, in human skin, epidermal cluster
formation of stem cells was modeled by
using Notch-mediated lateral induction
(Savill and Sherratt, 2003). At first sight,
it seems to be a violation to the second
law of thermodynamics that an ordered
structure can emerge spontaneously out
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Figure 1. Life and death of computed ‘‘cells’’ mimicking clinical skin patterns. (a) A cellular automaton is a grid of cells that are ‘‘alive’’ (filled) or ‘‘dead’’
(empty). The fate of each cell is defined by its relationship with its eight neighboring cells. The most popular cellular automaton is the ‘‘Game of life’’ devised
by the British mathematician John Horton Conway. It consists of a set of simple rules: (1) a dead cell can be turned into a living cell (green) if it has exactly
three living neighbors, (2) a living cell dies (red) because of ‘‘social isolation’’ if it has only one living neighbor, (3) a living cell survives (blue) if it has two or
three living neighbors, and (4) a living cell dies because of ‘‘overpopulation’’ if it has more than three living neighbors. These rules can be summarized as
follows: survival 2,3//birth 3. (b) Iterative application of the rule, survival 1,2,3,4//birth 2,3,4, to an annular pattern gives rise to a solid ring-like pattern after
two generations, with similarity to the clinical picture of a Tinea. Applying the same rule for six generations brings out a double ring with similarity to
erythema exsudativum multiforme (see also Supplementary Movie S2 online). (c) Eradication of an erythema by applying different rules (for details see text,
to watch the process in motion please refer to Supplementary Movies S3 an S4 online).
568 Journal of Investigative Dermatology (2013), Volume 133
S Kippenberger et al.
Modeling Pattern Formation in Skin Diseases
of something nonstructured. The Nobel
Prize laureate Ilya Prigogine coined
the term dissipative systems for self-
organizing, dynamic, and ordered
structures far from the thermodynamic
equilibrium, a characteristic of all living
matter, but not restricted to it (Prigogine
et al., 1969). In living systems, a
process termed autopoiesis defines a
system that produces components that
recursively participate in the produc-
tion of exactly these components
(Varela et al., 1974). In a similar
manner, this may also hold true for
figured cutaneous erythema. Driven by
Generations
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Figure 2. Progression courses of an erythema. Starting with the pattern shown in Figure 1c, the patterns develop depending on the rules applied (for details
see text). (a) The pattern grows slowly until generation 92, after which it remains stable (to watch the process in motion please refer to Supplementary
Movie S5 online). (b) This pattern develops irregular margins with dynamic spots of live and dead cells. Its growth is not restricted. (c) Here the pattern
shows blurred edges and a predominantly inner zone of living cells. Similarly, there is no limit in growth. (d) Typical for this pattern is a steady unlimited
expansion. The growth speed is fast, leaving no dead cells in the inner zone.
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an unknown force, an amazing number
of patterns emerge like a bolt from
the blue, perpetuate, and change in a
dynamic manner while maintaining
their typical characteristics. The driving
force underlying the complexity of
patterns may be the self-organization
of components—the interplay of posi-
tive and negative feedback loops. This
has already been demonstrated for
gene regulatory networks by applying
Boolean algebra to constituents of cell
molecular machinery (Serra et al.,
2007; Graudenzi et al., 2011). In our
study, we took up a constructivist
perspective as proposed by Humberto
Maturana. According to this idea, a
scientist wishing to describe a certain
phenomenon should try to find and
describe a generative mechanism that is
capable of producing the phenomenon
itself (Maturana, 1990, 2002). Thus, we
tested whether modeling some charac-
teristics of different cutaneous erythema
is possible by using cellular automata.
In general, the idea of cellular auto-
mata dates back to John von Neumann
who was interested in the logical
organization sufficient for an automa-
ton to reproduce itself (von Neumann,
1966). It is based on the general
assumption that a highly complex
biochemical process can be described
as a logical sequence of steps that can
be processed by a ‘‘machine’’ (for
review see Langton, 1984). As a special
feature, this machine consists of a
cellular array that reproduces itself
and attaches a construction plan for its
own description to the copy. Now-
adays, cellular automata have been
introduced to capture complex systems
and are successfully applied to model
physical, biological, and social pro-
cesses (Wolfram, 1986). We used the
cellular automaton conceived by
John Horton Conway (Conway, 1970,
unpublished; Gardner, 1970). Because
of its analogies with the rise, fall, and
alternations of a society of living organ-
isms resembling real-life processes, it has
become popular under the name ‘‘Con-
way’s Game of Life’’ (download links
and supporting information are provided
by the Wikipedia: http://en.wikipedia.
org/wiki/Conway%27s_Game_of_Life#
Algorithms). It is composed of a fairly
large checkerboard filled with ‘‘cells’’
(squares) existing in two possible states:
alive (filled) or dead (empty). By applying
‘‘genetic laws’’ for birth, death, and
survival, the original pattern can be
altered (for details see Figure 1a).
This concept is now applied to
dermatology, assuming that a distinct
‘‘cell’’ represents a tissue unit within
skin that has an impact on neighboring
units and vice versa. In this model, a
cell has only two possible states:
inflamed or noninflamed. Starting with
a given lesion of inflamed cells, new
patterns emerge by recurrently applying
simple algorithms. A solid model ery-
thema can be transformed into margin-
accented erythema by applying the
following rule: survival 1,2,3,4//birth
2,3,4. The emerging patterns have
similarities with Tinea, Erythema
migrans, Erythema exsudativum multi-
forme, and Erythema anulare centri-
fugum (Figure 1b). Furthermore, it is a
common observation for dermatologists
that eradication of a given erythema
can be very difficult. In the following, it
was tested whether the different res-
ponses to a therapy can be modeled. As
shown in Figure 1c, ‘‘therapy’’ of a
model erythema can be very stubborn
taking 66 generations of iterations
(survival 3,4,6,7,8//birth 3,6,7,8). A
slight change of the rule (survival
5,6,7,8//birth 6,7,8) causes a fast eradi-
cation already after nine generations.
This different time course matches the
difference between a less potent and a
highly potent corticosteroid. Further-
more, rules can be defined featuring a
size-dependent eradication (Supple-
mentary Figure S1 online). This is also
commonly seen in clinical practice
where small erythema usually dissolve,
whereas larger ones persist.
Again starting with the model ery-
thema shown in Figure 1c, a progres-
sive phenotype featuring different
growth characteristics can be modeled
(Figure 2). The process can intrinsically
come to a halt after 92 generations
(Figure 2a, survival 2,3,5,6,7,8//birth 3,
6,7,8), whereas others still expand
producing a spotty appearance (Figure
2b, survival 1,2,3,4,5,6,7,8 //birth 3),
blurred margins (Figure 2c, survival
2,3,5,6,7,8 //birth 3,4,7,8), or a spread-
ing solid (Figure 2d, survival 1,2,3,4,
5,6,7,8 //birth 3,4).
In summary, the presented data
show that evolution of typical skin
lesions can be modeled by cellular
automatons reflecting processes such
as inflammation, apoptosis, and proli-
feration on the cellular level. It seems
likely that also in vivo interacting tissue
units follow simple algorithms and
produce highly complex patterns. Ac-
cording to this, a successful therapy can
be understood as a ‘‘game-changing’’
intervention. This new metaphor in the
self-conception of what is commonly
understood by therapy may stimulate
basic and applied research.
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TO THE EDITOR
Olmsted syndrome (OS) is a very rare,
severe keratinization disorder charac-
terized by a combination of bilateral
mutilating palmoplantar keratoderma
and periorificial keratotic plaques
(Olmsted, 1927). The other associated
features reported include corneal le-
sions, diffuse alopecia, digital constric-
tion, nail dystrophy, high-tone loss of
hearing, infections, and squamous cell
carcinomas (Mevorah et al., 2005).
Clinical management of OS includes
topical keratolytics, surgical removal of
the keratotic palmoplantar masses fol-
lowed by autograft, and use of systemic
retinoids with variable results (Mevorah
et al., 2005). A total of 54 cases of OS
have been reported worldwide in the
literature, of which only 12 cases were
familial (Lin et al., 2012; Tang et al.,
2012) with different modes of inheri-
tance (Cambiaghi et al., 1995; Larregue
et al., 2000; Lin et al., 2012).
Recently, gain-of-function mutations
in the transient receptor potential va-
nilloid 3 gene (TRPV3) were identified
as a cause of autosomal dominant
OS in five sporadic and one familial
case (Lin et al., 2012). It is hypothesized
that OS-associated TRPV3 mutations
cause deregulated TRPV3 channel
activity in keratinocytes (Lin et al.,
2012). However, the genetic basis of
X-linked forms of OS has not been
elucidated.
Using whole-exome sequencing
(Supplementary Materials online, Mate-
rials and Methods and Supplementary
Table S1 online), we investigated the
genetic basis of OS in a consangui-
neous extended kindred, in which the
disease followed a pattern of X-linked
recessive inheritance (Figure 1a). The
female family members (I-1 and II-2) do
not exhibit any clinical features of OS.
The minimum diagnostic criteria for
OS were periorificial keratotic plaques
and bilateral palmoplantar transgre-
dient keratoderma (Bergonse et al.,
2003). The probands did not have
features specific to BRESEK/BRESHECK
syndrome such as hearing loss,
skeletal abnormalities, or dysmorphic
features.
The male probands were an uncle
(II-1) and nephew (III-2) (Figure 1a). The
patients were born to healthy consan-
guineous parents after uneventful and
full-term pregnancies. The clinical fea-
tures for these patients have been
described in detail previously (Yaghoobi
et al., 2007). In brief, II-1 presented with
alopecia universalis and hyperkeratotic
lesions, especially around his body
orifices and palmoplantar areas at the
age of 6 months. Examination revealed
severe periorificial plaques around the
mouth and perianal regions. The mas-
sive hyperkeratosis with painful deep
fissures had resulted in flexion contrac-
ture and inability to extend the joints.
The lesions were yellowish-brown,
pruritic, painful, and in some areas
associated with malodor or infection.
The nails, which were hyperkeratotic
and severely dystrophic, had a fork-like
appearance and were yellow in colour.
Subungual hyperkeratosis was present
(Figure 1b and d). The nephew of the
proband (III-2) had similar patterns of
disease onset and clinical features.
Further clinical information can be
found in the Supplementary Materials
online, Clinical Information on the
Probands II-1 and III-2.
Exome sequencing revealed a muta-
tion, which to our knowledge is
previously unreported: c.1391T4C
(p.F464S) in exon 11 of the X-chromo-
some gene membrane-bound transcrip-
tion factor protease, site 2 (MBTPS2)
(NM_015884.3) in both male probands
(Figure 2a). This mutation results in the
substitution of the highly conserved
phenylalanine residue at codon 464
(Figure 2b) by a serine, which Poly-
Phen-2 (http://genetics.bwh.harvard.
edu/pph2/) predicts would be probably
damaging (score¼ 0.994). This muta-
tion is not present in online databases
dbSNP (http://www.ncbi.nlm.nih.gov/
projects/SNP/), 1000 Genomes (http://
www.1000genomes.org/), NHLBI exome
sequencing project (http://evs.gs.wa-
shington. edu/EVS/), or the MBTPS2 gene
variant database (http://www.LOVD.nl/
MBTPS2). Genetic screening of other
family members revealed that p.F464S
segregated with the disease as an
X-linked recessive mutation (Figure 1a).
We did not find any novel mutations
Abbreviations: IFAP, ichthyosis follicularis with atrichia and photophobia; KFSD, keratosis follicularis
spinulosa decalvans; MBTPS2, membrane-bound transcription factor protease, site 2; OS, Olmsted
syndrome; TRPV3, transient receptor potential vanilloid 3
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